.
The smaller satellites can be further divided into groups on the basis of several criteria related to their nucleotide sequence and structure: the small linear satellites, which include the small nepovirus satellites and the cucumovirus satellites; the circular satellites associated with sobemoviruses; and the DI-like satellite RNA chimera of TCV. The small linear satellites can be further subdivided into those that have circular replication intermediates (the small nepovirus satellites) and those that do not (the cucumovirus satellites).
Potential ORFs
Sequence analyses of a number of satellites have indicated potential ORFs that might be expressed in vivo and might have some potential role in either replication or pathogenesis. In a few cases protein products of these potential ORFs have been detected in vivo, but in general, definitive proof of the function of potential ORFs in vivo has been elusive and has been a source of much controversy.
The large satellites of the nepoviruses unequivocally can be assigned a role as mRNAs in vivo. The best characterized of these satellites is the satellite RNA of tomato black ring nepovirus (TBRV). An Mr 48,000 protein was first observed in a rabbit reticulocyte lysate programmed with TBRV satellite RNA (46, 48, 49) . A protein of identical mobility was found in vivo in tobacco protoplasts infected with TBRV containing satellite RNA, but not in uninfected protoplasts (48) , suggesting that TBRV satellite RNA can indeed act as an mRNA in vivo. Sequence analysis of several isolates of TBRV satellite RNAs subsequently identified the ORF for the Mr 48,000 protein, which is composed of 419 to 424 amino acids, depending on the isolate (78) . The TBRV satellite RNA isolates can be divided into two groups on the basis of their nucleotide and amino acid sequence homology: the S-and L-sat RNAs and the E-and C-sat RNAs. Within each group, proteins are -90% homologous, whereas there is only 57% homology between the groups (78) . However, all of the potential TBRV satellite-encoded proteins are highly basic and hydrophobic, suggesting a functional similarity.
Several other large nepovirus satellites have been shown to direct translation of proteins in vitro (summarized in Table  1 ). These range in size from Mr 37,000 for the grapevine fanleaf nepovirus (GFLV) satellite RNA to Mr 45,000 for the myrobalan latent ringspot nepovirus (MLRV) satellite RNA. In general, the amino acid sequences of these potential ORFs vary greatly and the extent of sequence similarity is proportional to the extent of serological relatedness of their respective helper viruses (46) . However, the proteins encoded by TBRV, GFLV, and chicory yellow mottle nepovirus L2 (CYMV-L2) satellite RNAs all contain a highly basic domain in the first 100 amino acid residues, as well as a hydrophobic N-terminal domain followed by a very hydrophilic region (173) . Although no biological functions have been assigned to any of these proteins, their secondary similarity is highly suggestive of a similar function. The highly basic domains are reminiscent of histones, and an RNA-binding role has been suggested for these proteins (78) .
Although many of the small satellites contain potential ORFs, there is strong evidence against any in vivo function for these ORFs. The S-sat and the F-sat RNAs of cucumber mosaic cucumovirus (CMV) have both been shown to produce protein products in vitro (3, 79, 150) , and the E-sat, Y-sat, and OY2-sat RNAs of CMV have been shown to bind 80S ribosomes in vitro (79, 80) ; however, the ORFs of the CMV satellite RNAs are not conserved among different isolates (56, 105) . Moreover, neither mutagenesis of the 5'-proximal initiation codon in an infectious clone of the D-sat RNA (23) nor a frameshift mutation of the ORFs of Y-sat RNA (33, 89, 130) altered the biological activity of these satellite RNAs.
Although several of the small nepovirus and sobemovirus satellites contain short ORFs, none that have been tested have been able to direct the synthesis of any protein products in vitro (43, 112, 137, 151, 173) (Table 1 ). In addition, where more than one isolate of these satellites has been sequenced, such as the satellite RNAs of either TobRV (15, 17) or lucerne transient streak sobemovirus (LTSV) (1, 110) , the ORFs are not always conserved. Moreover, with the sobemoviruses, the circular structure argues against translation in vivo (114) .
Of the tombusvirus satellites, only the satellite RNA of cymbidium ringspot tombusvirus (CyRSV) has been sequenced (172) . Although several small ORFs were present, CyRSV satellite RNA also failed to direct the synthesis of any detectable protein products in vitro (172) .
In summary, with the exception of the large nepovirus satellites, plant virus satellites generally do not appear to encode any functional proteins, and, hence, their biological functions must rely on the nucleotide sequence and the resultant secondary structure.
Secondary Structure
The small satellites have highly ordered secondary structures, with the base pairing ranging from 49% (satellite RNAs of CMV) to 73% (satellite RNAs of solanum nodiflorum mottle sobemovirus [SNMV]) ( Table 2 ). The small size and high degree of secondary structure are probably responsible for the high stability and survivability of satellites in vitro as well as in vivo (88, 138, 139) . The latter may in turn account for the highly infectious nature of many satellites (25, 65, 86, 100, 104, 177, 195) .
Satellites of CMV. In contrast to the secondary structures of the other satellites described below, the secondary structures of a number of satellite RNAs of CMV are based not solely on computer-generated structures, but also on nuclease cleavage sensitivity data. The structures determined for six satellite RNAs of CMV are very similar (56, 62, 80) , with base pairing ranging from 49 to 52% (Table 2) ; one of these is shown in Fig. 1A . The sequences involved in pathogenicity are located in discrete small domains: C is the domain VOL. 56, 1992 involved in chlorosis induction in tobacco and tomato (89, 130, 185a) ; and N is the region involved in necrosis induction in tomato (33, 130, 184 ) (see Effect on Helper Virus, below). The structure of the necrosis domain (not shown in Fig. 1A ) has been determined only for the necrosis-inducing 369-nt Y-sat RNA of CMV (80) . The lower half of the Y-sat RNA structure is quite different from the structure shown here. Potentially similar tertiary structures are a matter of conjecture.
RNA C of TCV. The chimeric RNA C of TCV, which is part satellite RNA and part DI-like RNA, contains only slightly more base pairing (56%) than the satellite RNAs of CMV do (49 to 52%) ( Table 2 ). However, the proposed structure ( Fig. 1B) (181) is quite different from that shown for the CMV satellite RNAs (Fig. 1A) . Although sequences involved in replication are scattered throughout the molecule (18, 180) , considerably less sequence alteration can be tolerated in the 3' half of the molecule, which contains the DI-like portion of 3' genomic RNA sequences (180) . Modification of sequences in one specific region affects monomer accumulation (18, 180) and modulates symptom expression (M) (180) . In addition, other sequences of the TCV DI-like component, as well as part of the adjacent satellitelike sequences, are involved in determining virulence (180 (172) . There are also stretches of sequence in common with the helper virus genomic RNA, although these regions are neither as extensive as in TCV (ca. 19% of the satellite RNA of CyRSV) nor as similar to the genomic RNA (60 to 100% homology). In addition, the homology to the genomic RNA is scattered throughout the 5' two-thirds of the CyRSV satellite RNA (172) .
Satellite RNA of TobRV. The 359-nt satellite RNA of TobRV can be folded into a cruciform structure with 69% base pairing ( Table 2 ) and 5' and 3' contiguous ends ( Fig. 1C ) (111) . TobRV satellite RNA also exists in a circular form in infected leaves, but not in isolated virus particles (124) . The limited sequence rearrangements seen in the satellite RNAs from strains 62L and NC-87, with respect to the RNA from the budblight strain, are located between nucleotides 100 and 140 (R in Fig. 1C ) and do not alter the proposed secondary structure (17) .
The TobRV satellite RNA contains two ribozymes (see Self-Processing, below): a hammerhead ribozyme (H) in the positive-sense RNA, involving an alteration in the local secondary structure (39, 72) ; and a paperclip ribozyme (P) in the negative-sense RNA (72, 195) . These are involved in the processing of the multimeric positive-and negative-sense RNA synthesized during replication of the satellite TobRV RNA (13, 113, 160) .
Secondary-structure models have also been computer generated for two other small nepovirus satellites: the 300-nt satellite RNA of arabis mosaic nepovirus (ArMV) (106) and the 457-nt satellite RNA (Si) of CYMV (173) . Both of these satellites contain sequences in common with TobRV satellite RNA (106, 173) . The sequences of satellite ArMV RNA and satellite CYMV-S1 RNA that are most highly conserved, both with each other and with TobRV satellite RNA, can be folded into the two ribozyme structures described above, with an overall sequence homology of 75% in the hammerhead ribozyme and 80% in the paperclip ribozyme (72, 106, 173) . The above three small nepovirus satellites all contain a free hydroxyl group at the 5' end and a 2',3'-cyclic phosphodiester at the 3' end (15, 106, 156) . They also all produce circular forms in planta, which are not encapsidated (106, 124, 173) . Thus, these satellites appear to have quite similar genome replication strategies, although they probably cannot interchange helper viruses or be supported in their replication by other nepoviruses (159) .
Satellite of LTSV. The proposed structure of a circular satellite of LTSV is shown in Fig. 1D (110) . This satellite RNA contains 324 nt, 72% of which are base paired ( Table  2 ). The highly base-paired structure is reminiscent of the structure of viroids, although the structural intermediates formed during denaturation (169) and replication (82, 187) of circular satellites are dissimilar.
During replication, LTSV satellite RNA and the satellites of other sobemoviruses generate multimeric forms of both positive and negative polarity (21, 82, 187). The processing events to produce monomeric molecules of LTSV satellite RNA involve self-cleavage reactions (39) . In this case, however, the ribozymes of both the positive and negative LTSV satellite RNA (+H and -H, respectively, in Fig. 1D ) are of the hammerhead class (38) . By contrast, the satellite RNAs of velvet tobacco mottle sobemovirus (VTMoV), SNMV, and subterranean clover mottle sobemovirus (SC MoV), which have structures very similar to that of LTSV satellite RNA, contain only self-cleaving (hammerhead) ribozymes in their positive-sense RNA and do not produce monomeric negative-sense RNA (21, 28, 39, 82).
The sobemovirus satellites differ from the small nepovirus satellites structurally in two ways: (i) the circular form is preponderant in the sobemovirus satellites (45, 64, 163, 192) , and the linear form is preponderant in the nepovirus satellites (106, 124, 173) ; and (ii) the linear satellites contain branch points, giving rise to cruciform structures (106, 173) , whereas the circular satellites consist of rod-shaped, viroidlike molecules (28, 73, 110) . The significance of these structures on the biology of the various satellites has yet to be determined.
Sequence Variation
Isolates of a number of satellites have been sequenced. In most cases the sequence variants do not show biological variation. However, there are some noted exceptions-the satellite RNAs of CMV (56, 80, 85, 105, 127) and peanut stunt cucumovirus (PSV) (146 (80, 127) . The extra 30 to 40 nt in these larger CMV satellite RNAs are not inserted as a single block, relative to the smaller CMV satellite RNAs, but are interspersed between nt 110 and 160 (80, 127) . These extra sequences are not related to CMV and therefore may originate from either some host plant or another viral genome.
The CMV satellite RNAs and RNAs C and D of TCV are the only satellitelike RNAs for which sequence variation has been observed in planta, within an evolving population derived from a homogeneous source (i.e., RNA transcripts of a cDNA clone) (19, 23, 25, 89, 118) . Sequence variation was observed in one region of several satellites after either one or a few passages. For one CMV satellite RNA, this sequence variation was observed in any of five hosts, although the accumulation of the variant form was greatest in tobacco (118) . The rate and nature of variation are determined by the particular satellite and the strain of helper virus (118, 171a) . Some satellites do not appear to undergo any detectable variation in sequence (116, 118, 118a) , although this may simply reflect a negative selection (see Specificity and Efficiency, below). Some satellites are not as efficiently replicated as others, and different helper virus strains can selectively replicate a particular satellite out of a mixture (89, 100, 153, 154a (65, 70, 89, 120, 121, 140) . However, PSV, the third member of the cucumovirus group, which often contains a satellite of its own (102, 146) , will not support the replication of CMV satellite RNAs (102) . Moreover, the PSV satellite RNA replication is not supported by CMV (102) . Similarly, the TobRV satellite RNA is not supported by cherry leafroll nepovirus (159) .
Among the sobemovirus satellites, the ability to replicate heterologous satellites is even more varied. SNMV does not support the replication of satellite RNA of LTSV (92), even though LTSV does support the replication of both SNMV (92) and SCMoV (27) satellite RNA. Replication of LTSV satellite RNA also is supported by three unrelated sobemoviruses-sowbane mosaic, turnip rosette, and southern bean mosaic sobemoviruses (1, 42, 152 (36) . Pseudorecombinants between grapevine chrome mosaic nepovirus and TBRV are viable, but neither combination will support the replication of the TBRV satellite RNA (36) .
In addition to the helper virus specificity, the host plant often plays a significant role in the efficiency of satellite replication. The small satellite RNA of ArMV replicates very efficiently in Chenopodium quinoa (28). By contrast, the large satellite RNA of another nepovirus, TBRV, replicates poorly in C. quinoa but replicates very efficiently in Nicotiana clevelandii and Petunia hybrida (143) . The TBSV satellite RNA replicates more efficiently in N. benthamiana than in N. clevelandii (51) . With both CYMV satellite RNA (157) and CMV satellite RNAs (100, 153), replication in squash (Cucurbita pepo) is generally poor, whereas replication in tobacco is generally very efficient. In one instance, two closely related strains of CMV had dramatically different efficiencies of satellite replication in squash (171) . This difference was mapped to RNA 1 of CMV and appears to involve the 3' 600 nt of CMV RNA 1 (171a).
Enzymology
Since satellites are dependent on their helper virus for replication, the enzymology of satellite replication must depend largely on the enzymology of helper virus replication. Unfortunately, information on the replication of RNA plant viruses is minimal (reviewed in references 40, 68, and 131). Recently, however, significant progress has been made toward understanding viral RNA replication by the purification of a replicase complex from CMV-infected tobacco, which was capable of producing positive-stranded viral RNA from input positive-stranded template (75) . This complex consists of two virally encoded proteins of Mr 111,000 and 95,000, which correspond to the gene products of CMV RNAs 1 and 2, respectively, and a single host-encoded protein of Mr 50,000 (75) . As yet, however, no analysis of the replication of satellite RNA by this complex has been reported.
A few earlier studies, using partially purified viral replicase complexes from CMV-infected plants, have examined the replication of satellites in vitro. (i) A particulate fraction of tissue homogenates from CMV-infected cucumber cotyledons was shown to be capable of producing replicative forms of the viral and satellite RNAs in vitro (91) . (ii) A cell-free system from CMV-infected tobacco was able to synthesize double-stranded (ds) RNA forms of both CMV and satellite RNA in vitro (199) . (iii) A membrane-bound RNA-dependent RNA polymerase (RdRp) complex was isolated from tobacco protoplasts inoculated with RNAs 1 and 2 of CMV; this complex was capable of synthesizing CMV and satellite ds RNAs in vitro (148) . Only low levels of this RdRp activity were found in the soluble fraction of either uninoculated protoplasts or those inoculated with any combination that did not include both RNAs 1 and 2 or CMV (148) . The association of the CMV replicase with membranes is further supported by the observation of ds RNA forms of CMV and satellite RNA in vesicles of infected tobacco (34). Vesicles containing ds RNA were also found associated with tonoplasts of TAV-infected tissue (74) .
Replication of the satellite RNAs does not always involve the same mechanism as replication of the viral RNAs, and it seems likely that other factors which are specific for satellite replication are involved. In a template-dependent, cell-free system, RdRp isolated from CMV-infected tobacco utilized CMV satellite RNA as a template with about half the efficiency of the viral RNA (161), even though in tobacco plants infected by CMV and its satellite RNAs, the satellites are the predominant RNA species (100, 140) . This suggests that purified RdRp complexes may be lacking a factor required for efficient satellite replication.
Protoplasts inoculated with TobRV and TobRV satellite RNA effectively replicated the satellite even in the presence of actinomycin D, indicating that synthesis of host RNA is not required for satellite replication (10). However, preincubation of the protoplasts with actinomycin D 24 h prior to inoculation effectively inhibited replication of TobRV satellite RNA (10), suggesting host factor involvement. No analysis of helper virus replication was done in this study, so it is not clear whether host RNA synthesis affects the helper virus differently from how it affects the satellite.
Other lines of evidence suggest some differences in the mechanism of replication of satellite RNA versus helper virus RNA. (i) Biologically active cDNA clones of satellite RNAs of CMV (22, 115, 128) and TBRV (66) and RNA C of TCV (182) can tolerate extra sequences at either the 5' or the 3' end, but not both (unless only 1 or 2 nt) and are infectious whether or not the 5' end is protected by a cap structure. By contrast, transcripts of cDNA clones of plant virus RNA show less tolerance, vis-a-vis biological activity, of extra nucleotides at the 5' end and often require a cap structure 56, 1992 on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from some differences in the mechanism of recognition for replication.
Self-Processing
Since some satellites produce concatemeric forms during replication (5, 11, 21, 82, 106, 113, 125, 199) , there must be processing events to produce the "natural" monomeric linear or circular forms. In a few cases, these processing events can occur in vitro in the absence of proteins, i.e., autocatalytic cleavage (28, 39, 154a, 160) . In other cases, either the processing events have not been studied, or the evidence suggests a mechanism other than self-cleavage (18) . There are basically three types of self-processing satellites: (i) the linear nepovirus satellites that form circular and multimeric intermediates in vitro (106, 113) ; (ii) the circular sobemovirus satellites that form multimeric intermediates in vitro (21, 82); and (iii) the linear cucumovirus satellites that form multimeric intermediates in vitro (125, 199) , but do not appear to have a circular intermediate (124) .
Nepovirus satellites. The satellite RNA of TobRV has been cloned. Longer-than-unit-length transcripts of this satellite have been shown to undergo autocatalytic cleavage (15, 58, 60) . The cleavage sites and sequences involved in the ribozyme function of both the positive-and negative-sense satellite RNA of TobRV have been mapped (13, 14) . ArMV and CYMV-S1 satellite RNAs show similar sequences and possible secondary structures around the cleavage and catalytic sites (72, 173) . The sequences on the positive-sense satellite RNAs can be folded into the so-called hammerhead structure common to a number of virus-derived ribozymes (39, 173) . The sequences on the negative-sense satellite RNAs can be folded into a different common structure (known in different laboratories as the hairpin or paperclip structure) (72, 173) . There appear to be a number of differences in the cleavage mechanisms of these two types of ribozymes (16, 37, 69, 72, 160) , and both are being exploited to produce antiviral, catalytic molecules (59, 71) .
A satellite with sequences and secondary structure similar to the nepovirus satellites has also been found in association with a luteovirus, barley yellow dwarf virus (135) . RNA transcripts of this cloned satellite will also undergo selfprocessing in vitro (135 (28, 39) . The similarities and differences in sequence and catalytic activities of these satellites are being used as a guide to determine the mechanism of cleavage and the actual structure of the catalytic entities. The somewhat conflicting data from different laboratories suggest that there may be more than one catalytic structure (38, 133, 174, 178) .
Cucumovirus satellites. Whereas the multimeric forms of the nepovirus and sobemovirus satellites are believed to be generated from a circular template by a rolling-circle mode of replication (9, 82, 113) , this does not appear to be the case with the multimeric forms of the satellites of cucumoviruses, TCV (a carmovirus), or CyRSV (a tombusvirus). For these satellites, no circular intermediates could be detected (11, 18, 125, 154a ). In the case of CMV satellite RNAs, we have observed both self-cleavage and self-ligation of the ds RNA dimeric and monomeric forms, respectively, of the satellite RNAs isolated from infected plants, but no self-processing of single-stranded (ss) transcripts or encapsidated satellite RNAs (185a). Since large quantities of the ds RNAs are produced during CMV satellite RNA replication (96, 97, 101) , these autocatalytic reactions may account for the multimeric RNAs produced during satellite replication (125, 199) . It is also possible that these multimeric forms are not replicative intermediates, but merely represent the products of some atavistic process associated with these satellite RNAs.
EFFECT ON HELPER VIRUS Alteration in Virus Titer
Although some satellites affect the titer of the helper virus, others do not (Table 3) . Moreover, some satellites affect the titer of the helper virus in some host species, but not in others (see references in Table 3 ). Therefore the reported absence of any effect on the virus titer may be a consequence of an insufficiently broad survey. Nevertheless, the lack of any consistent effect suggests that complex interactions involving the host, the helper virus, and the satellite are involved in alterations of virus titer, as they are in other host-helper-satellite interactions. Hence, competition with the helper virus genome for its replicase may be only one possible mechanism of reducing the virus titer. In no situation described to date, however, has the presence of the satellite increased the titer of the helper virus.
In CMV satellite RNA, 12 conserved nucleotides comprising a loop and a few residues of the stem of a stable stem-loop structure are complementary to sequences in similar 5'-proximal structures of Q-CMV RNAs 1 and 2 (167) . In vitro binding studies, however, detected stable complexes between satellite RNA and Q-CMV RNAs 3 and 4 (166) . Therefore it has been suggested that CMV satellite RNA may regulate the expression of the coat protein gene from RNA 4 (166) . However, using multiple strains of CMV and several CMV satellite RNAs, we were able to detect stable complexes involving CMV RNAs 2, 3, and 4 in various combinations, and none of these complexes inhibited the in vitro translation of coat protein from RNA 4 (40a).
Symptom Modulation
One of the most dramatic effects of satellites is to alter the symptoms induced by the helper virus. These alterations can be either an attenuation or an exacerbation of the virusinduced symptoms (Table 3 ). In fact, some satellite RNAs of CMV can ameliorate the symptoms induced by the helper virus on one host and intensify them on another host (61, 86, 129, 153, 197) . The symptom modulation can also be affected by the particular strain of helper virus (61, 103, 153, 176) . Thus, a three-factor interaction involving the particular satellite, the strain of helper virus, and the species of host determines the type of response.
In most cases, satellites attenuate the symptoms induced by different strains of helper virus. Exacerbation of symptoms is much rarer ( Table 3 ). Attenuation of symptoms is usually accompanied by a reduction in virus titer. This has led to the suggestion that the competition for the replicase between the satellite and helper virus genomes results in a reduction in the concentration of the helper virus elicitor of host pathogenesis (96, 98, 100, 140, 176) . However, in some satellite-helper virus combinations a reduction in pathogenicity was not accompanied by a reduction in the titer of the Table 1 .
-, decrease in virus accumulation; 0, no effect; NR, not reported. c -, amelioration of symptoms; 0, no effect; + exacerbation; NR, not reported. helper virus (70, 144) . This implies that symptom attenuation by satellites probably involves more than one mechanism and may be an active process. However, it is not due to a generalized inhibition of the ability of the plant to respond to virus infection, since the satellite of one virus (CMV), while attenuating the symptoms of its helper virus, does not attenuate the symptoms of the nonhelper viruses tobacco mosaic tobamovirus, potato virus X potexvirus, or potato virus Y potyvirus in dual infections (194) . This (Table 3) . Of these, the best characterized are the satellite RNAs of CMV. Although most CMV satellite RNAs attenuate (to differing extents) the symptoms induced by CMV on all host species tested (86, 129, 140, 197) , some satellites attenuate the symptoms of the helper virus on all but one or two hosts, on which the symptoms are exacerbated (85, 129, 140, 153, 197) . Examples of symptom intensification include chlorosis on tobacco (and pepper) (129, 153, 183, 188) , chlorosis on tomato (61, 153) , and necrosis on tomato (107, 188) . Sequences controlling chlorosis on either tobacco or tomato have been mapped to specific nucleotide changes between nt 135 and 175 of the CMV satellite RNA sequence (89, 130, 185a) , with a single nucleotide (position 149) controlling the host specificity of chlorosis (185a) . Similarly, sequences controlling necrosis induction have been mapped to between nt 290 and 310 of the CMV satellite RNA molecule (33, 130, 184) . In addition, sequences flanking the above domains affect either the extent of pathogenesis or the range of helper viruses that support the induction of a particular pathogenic response (117, 153) . Moreover, both necrosis and chlorosis involve interactions between the CMV satellite RNA and a factor(s) derived from CMV RNA 2, i.e., either the encoded 2a protein or RNA 2 itself (183, 185a) . That is, whereas interactions between certain satellite RNAs and either CMV RNA 2 or the 2a protein induce severe pathogenic responses in some host species, on all other host species tested the same combination attenuates viral symptoms (183, 185a) . The host component(s) involved in the above interactions is clearly a critical factor and the most refractory to analysis at this point. Nevertheless, determination of the nature of both the host factor(s) and the interaction with the viral components represent the next frontier of satellite research.
Strategies for Virus Control
The ability of satellites to attenuate the disease symptoms induced by their helper viruses has led to the suggestion that satellites may be useful as biological control agents of pathogenic molecules (97, 101, 176) . Several approaches to test the viral control potential of satellites have been used (6, 55, 60, 70, 83, 87, 136, 191, 193, 194, 198) .
Satellite inoculation or spraying. The application of mild strains of CMV containing satellite RNA to greenhouse and field crops has been evaluated. In several cases, CMV containing satellite RNA was able to protect plants to various extents against infection by more virulent strains either applied to the plants or introduced by natural infestation via the aphid vectors of CMV and its satellite RNA (55, 83, 87, 136, 191, 194, 198) . Moreover, tomato plants so tested were also protected to a great extent, although not completely, against infection by CMV containing a necrogenic satellite RNA (55, 83, 136, 198) . Thus, one can obtain variable levels of protection against CMV and pathogenic satellite RNAs in the field by using a CMV-plus-satellite (136, 193, 194) . Therefore an alternative strategy of protection against virus infection that makes use of the attenuation properties of satellites is to engineer plants that express satellites constitutively from the VOL. 56, 1992 on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from plant genome (6, 60, 70, 84) . Two satellites have been introduced into and expressed from the tobacco genome: the satellite RNAs of CMV (6, 70, 84) and TobRV (60) . These plants show no adverse effects of low levels of satellite production. In both cases, inoculation of the transgenic plants with the respective helper virus resulted in an attenuation of virus-induced disease, as well as a reduction in the titer of the helper virus (6, 60, 70, 84) . For transgenic tobacco plants expressing the CMV satellite RNA, inoculation with TAV resulted in an attenuation of TAV symptoms, although there was no reduction in the level of replication of TAV (70) . Therefore (129, 140, 194, 197 (122, 189) . However, RNAs S and 6 of BNYVV (see Table 1 ) may be true satellites (190) . In addition, the small RNA molecule associated with GRV was originally reported to be a satellite (145) but recently was shown to be required for aphid transmission of the helper virus by the assistor virus (141) .
In addition to these satellitelike RNA molecules, there is a chimeric molecule, RNA C of TCV, consisting of a DI-like RNA component and a satellite RNA component (181) . TCV has two true satellites, RNA D and RNA F, which are virtually identical to the 5' half of RNA C (181) (5, 6, 198a) . However, the satellite sequences could exist in the plant genome in fragments, which, under appropriate conditions are brought together. Although many laboratories have reported the "spontaneous" appearance of satellites in experimental plants (25, 51, 57, 99, 115, 123, 147, 155, 157, 164, 183, 195, 197) , most of these could be accounted for either by very low levels of satellites already existing in virus isolates, which are amplified under the appropriate conditions (i.e., experimental conditions), or by contamination of experimental plants with satellite. In one study of CMV satellite RNAs, the satellite RNA molecules were shown to be stable on tobacco plants for 25 days in the absence of helper virus (88) . Since many satellites are highly structured (Fig. 1) , they tend to be very stable and highly infectious, making an examination of their origin very difficult.
There have been two reports of the appearance of a satellite in plants inoculated with RNA transcripts of a helper virus derived from a cDNA clone; RNA C of TCV appeared after inoculation of plants with TCV genomic RNA transcripts (25, 123) . By contrast, 20 serial passages of RNA transcripts of the Fny-CMV RNAs in tobacco did not generate any satellite RNA (154a). Thus, the availability of biologically active cDNA clones of the helper virus genomes should make studies of the origin of satellites more feasible and may indicate different origins for different satellites.
CONCLUSIONS
Since their discovery in 1969, considerable progress has been made in identifying and characterizing new satellites, as well as localizing sequences important in various biological and biochemical functions. The dramatic effects that satellites can have on the symptoms induced by their helper viruses, as well as the limited sequence information which they contain, provide an ideal system for studying the relationship between RNA molecules and biological effects. Moreover, the apparent selection pressure for specific sequences, either by the helper virus or by the host plant, make satellites an intriguing system for studies in molecular evolution. Satellites have also become a source of new and potentially useful (as well as litigious) ribozymes.
It seems certain that the number of known satellites will increase as more plant viruses are purified and characterized. It is possible that such molecules will also be found in animal systems. The delta agent of hepatitis B virus has many properties of a satellite RNA (20, 196) 
